photosymbiont-bearing planktic foraminifer tests and their carbon isotope ratios 26 (δ 13 C) was temporarily reduced for ~100 k.y. during the peak of the MECO. At the 27 same time, the typically photosymbiont-bearing planktic foraminifera Acarinina 28 suffered transient reductions in test size and relative abundance, indicating ecological 29 stress. The coincidence of minimum δ
18 O values and reduction in test size-δ 13 C 30 gradients suggests a link between increased sea surface temperatures and bleaching 31 during the MECO, although changes in pH and nutrient availability may also have 32 played a role. Our findings show that host-photosymbiont interactions are not constant 33 through geological time, with implications for both the evolution of trophic strategies 34 in marine plankton and the reliability of geochemical proxy records generated from 35 symbiont-bearing planktic foraminifera. 36 37 Keywords: Middle Eocene Climatic Optimum, bleaching, photosymbionts, planktic 38 foraminifera, Ocean Drilling Program 39
INTRODUCTION 41
Photosymbiotic algae play a critical role in the nutrition, reproduction, calcification, 42 growth, and longevity of their planktic foraminiferal hosts. Any changes in 43 photosymbiont activity will therefore have a direct impact on the 'success' of the host 44 taxon (Bé et al., 1982; Bijma et al., 1990; Caron et al., 1982; Hemleben et al., 1989) . 45
Symbionts modify the chemistry of a foraminifer's calcifying microenvironment, 46 which impacts the elemental and isotopic ratios of test calcite and imparts 47 characteristic geochemical signatures that are preserved in the sedimentary record 48 (e.g., D'Hondt et al., 1994; Elderfield et al., 2002; Hönisch et al., 2003) . There is 49 evidence from the geological record that photosymbionts hosted by planktic 50
RESULTS

101
Pre-and post-MECO assemblages of Acarinina, Globigerinatheka, and 102 Morozovelloides show a distinct increase in δ 13 C values with increasing test size (Fig. 103 2A and C), consistent with a surface habitat and hosting dinoflagellate 104 photosymbiosis akin to modern taxa (Pearson et al., 1993; Norris, 1996; Sexton et al., 105 2006c; Tables DR1-DR4 in the GSA Data Repository). To our knowledge, these are 106 the first published Globigerinatheka test size-δ 13 C data, and confirm the long-held 107 view that this group was symbiotic. Acarinina and Morozovelloides specimens 108 display the highest absolute δ 13 C values in each of the samples, with 109
Globigerinatheka offset to slightly lower δ 13 C values (Fig. 2) . However, Acarinina 110
and Globigerinatheka test size-δ 13 C gradients are higher at Site 1051 than at Site 748, 111 which is likely a function of either reduced light conditions and/or temperatures at 112 higher latitudes, lower Symbiont density, or different symbionts (Table DR3) . In 113 contrast, the subbotinids exhibit no size-related increase in δ 13 C values at either of the 114 sites investigated and have lower δ 13 C values than other analyzed taxa, consistent 115 with an asymbiotic ecology and thermocline habitat (Pearson et al., 1993; Norris, 116 1996; Sexton et al., 2006c) . During the peak of the MECO at ca. 40 Ma, the positive 117 test size-δ 13 C trend in Acarinina is temporarily reduced at both study sites, and in 118
Globigerinatheka at Site 748 only, resulting in test size-δ 13 C gradients more similar 119 to the asymbiotic genus Subbotina. In contrast, Morozovelloides, a thermophilic genus 120 confined to (sub)tropical areas and present only at Site 1051, shows no significant 121 gradient reduction during the MECO, but a low gradient prior to the event. 122
Acarinina are the dominant surface-dwelling taxa at Site 1051 during the pre-123 and 'initial' MECO (Fig. 3A) . They subsequently decrease in relative abundance, 124 reaching lowest abundance during the peak warming interval of the event coincident 125 with their smallest maximum test size ( Fig. 3A ; Table DR5 ) and lowest test size-δ 13 C 126 gradients (Fig. 2B ). In contrast, Morozovelloides and Globigerinatheka generally 127 increase in relative abundance and maximum test size (Figs. 3B and C) Mechanisms for a reduction of test size-δ δ 13 C gradients 132 A reduction and/or loss of the test size-δ 13 C gradients in some photosymbiont-bearing 133 foraminifera during the peak of the MECO may have resulted from (1) gametogenic 134 or ontogenetic overprinting of the symbiont δ 13 C signal, (2) a switch in the type of 135 symbiont hosted, (3) an increase in the average habitat depth during later stages of 136 ontogeny, and/or 4) a loss or inhibition of photosymbionts. 137
First, we do not consider increased inclusion of metabolic CO 2 during late 138 ontogeny, or enhanced calcite precipitation during gametogenesis, as viable 139 explanations for the reduced δ 13 C-size trends observed in the MECO at ODP Sites 140 1051 and 748. Modern culture and § experiments do not provide support for either 141 hypothesis because metabolic activity is highest in juvenile specimens (<100 µm) and 142 decreases during later growth stages (Berger et al., 1978) . There is also little evidence 143 for depth migration of acarininids during late ontogeny (e.g., D'Hondt et al., 1994; 144 Norris, 1996) and the addition of gametogenic calcite, even in heavily calcified 145 globigerinathekids, is insufficient to remove any existing test size-δ 13 C trend (Fig. 2) . 146 A second possibility is that the primary algal symbiont groups in planktic 147 foraminifera changed during the MECO, affecting test size--δ 13 C relationships (e.g., 148
dinoflagellates versus chrysophytes; Bornemann and Norris 2007). Modern 149 foraminifera such as Globigerinella siphonifera that host chrysophyte symbionts have 150 a much lower δ 13 C-size gradient than those hosting dinoflagellates, e.g., 151
Globigerinoides ruber (Hemleben et al., 1989 succeeding generations (e.g., Hemleben, 1989, Gast and Caron, 1996) , although 157 modern foraminifera are flexible with regards to the genetic subgroups of 158 dinoflagellate that they host (Shaked and de Vargas, 2006) . However, if taxa 159 remained symbiotic we might not expect any coincident change in species test size or 160 relative abundance. 161
Third, coincident with environmental change during the MECO, mixed-layer-162 dwelling foraminifera may have temporarily occupied a deeper position in the water 163 column during late stages of ontogeny. A deeper habitat would also directly inhibit 164 symbiont activity via a reduction in irradiance levels (Spero and DeNiro, 1987; Spero 165 and Lea, 1993; Spero et al., 1997) . Thus, foraminifera may have either passively or 166 actively lost their symbionts and migrated to deeper waters to predate on the more 167 abundant algae in the deep chlorophyll maximum. This scenario is analogous to 168 events proposed for the PETM, when tropical 'excursion' taxa M. allisonenesis and A. 169 sibaiyensis are thought to have occupied a deeper ecological niche, more similar to 170
Subbotina (Kelly et al., 1996) and yield low δ 13 C-size gradients consistent with 171 asymbiotic or chrysophyte-bearing planktic foraminifera (Kelly et al., 1998; 172 Bornemann and Norris, 2007 (Bé et al., 1982; Caron et al., 1982) , 183 presumably owing to the ecological stress imposed by symbiont eradication. 184
Similarly, the loss of symbionts from Morozovelloides in the late middle Eocene is 185 coincident with a decrease in maximum test size (Wade and Olsson, 2009 ). Hence, the 186 disappearance during the MECO of the normally positive test size-δ 13 C trend in 187
Acarinina and the associated pronounced decreases in their size and abundance is 188 consistent with loss of their photosymbionts (Fig. 3C) . 189
190
Bleaching mechanisms 191
Studies of modern marine taxa in stressed environments may provide some 192 insight into the foraminiferal response to the MECO. However, direct analogy to 193 bleaching events observed in modern coral and benthic foraminifera in the natural 194 environment, and simulated in laboratory cultures is limited, owing to (1) It is compelling that reduced test size-δ 13 C gradients at both study sites (Fig. 3 ) 211 occur within the short-lived interval of peak warmth ( Figs 1 and 2 ); yet surface waters 212 also experienced increased nutrient availability (Luciani et al., 2010; Witkowski et al., 213 2012) and an inferred pH reduction across the MECO (Bijl et al., 2010) . However, it's 214 unclear how changes in the trophic state relate to warming; the responses of marine 215 organisms to ΔpH are variable (Hofmann et al., 2010) and culture experiments 216 assessing the impact of carbonate chemistry on the δ 13 C of planktic foraminiferal 217 calcite appear to show little impact on the host-symbiont relationship (Spero et al., 218 1997) . Consequently, while nutrient and pH changes may have exacerbated 219 environmental stress, the temperature increase across the MECO was most likely the 220 primary factor leading to the inhibition of photosymbiosis in Acarinina on a global 221 scale. Regardless of the environmental control on foraminiferal bleaching during the 222 MECO, all affected taxa were able to live and maintain populations, implying that, at 223 least on geological short timescales, symbiosis is not essential to their survival. There 224 are several modern mixed-layer taxa that do not harbour symbionts, e.g., Globigerina 225 bulloides (Hemleben et al., 1989) Paleocene Planktic Foraminifera; Paleobiology, v. 22, 18 Osize related trends are shown for four different timeslices (rather than three as in Fig. 2 ) to distinguish between pre-and initial-MECO conditions. At Site 748, there is a clear offset in absolute δ
18 O values between inferred surface (Acarinina and Globigerinatheka) and thermocline dwelling taxa (Subbotina) across the MECO providing little support for Acarinina or Globigerinatheka occupying a deeper position in the water column during the MECO. At Site 1051, it is more difficult to assess any changes in the relative depth ordering of taxa across the MECO. Perhaps, in part, becuase of the multiple species of Globigerinatheka and Subbotina combined for isotope analysis but also because of potential diagenetic alteration of δ 18 O isotope values at this site. [Site 748 planktic foraminifer are likely less suseptible to diagenetic alteration becuase of weaker vertical thermal water column gradients at higher latitudes]. We note that δ 13 C values are more resiliant to diagenetic alteration than δ 18 O values and there is little difference in values reported between 'glassy' and 'frosty' planktic foraminifer (e.g., Pearson et al., 2001; Sexton et al., 2006 Figure 4 -Scanning electron microscope images from ODP Sites 1051 and 748 illustrating species concepts adopted in this study. Planktic foraminifera are 'frosty' not 'glassy' indicating some diagenetic alteration but are free of infilling. Scale bars are 100 µm in a-h and 10 µm in i. a. Acarinina primitiva, Sample 748B 19H-2, 127-129 cm. b and c. Globigerinatheka index, Sample 748B 19H-2, 127-129 cm. d. Morozovelloides crassatus, Sample 1051B 8H-6, 5-7 cm. e and f. Acarinina topilensis, Sample 1051B 8H-6, 5-7 cm. g and h. Acarinina praetopilensis, Sample 1051B 8H-6, 5-7 cm. i. close up of A. topilensis wall texture, Sample 1051B 8H-6, 5-7 cm. A. topilensis sensu stricto (e) is restricted to large size fractions, thus in this study we have adopted a broad species concept for A. topilensis that includes less elaborate morphological forms that fall within A. praetopilensis. Cande and Kent (1995) . †A broad species concept was adopted for A. topilensis (see Fig. DR4 ). Note: All δ 13 C/100 micron values are calculated independently for each taxon in every sample using linear regression and multiplying the resulting gradient by 100.
*CK95 = Age scale of Cande and Kent (1995) . †Acarinina topilensis and Acarinina primitiva analysed at ODP Sites 1051 and 748, respectively. §Globigerinatheka index analysed at ODP Site 748. 
